Objective: Use of glucocorticoids for anti-inflammatory efficacy is limited by their side effects. This study examined, in the same individuals, prednisone's acute, dose-dependent effects on inflammation as well as biomarkers of glucose regulation and bone homeostasis. Design: In this randomized, double-blind, parallel-design trial of healthy adults demonstrating cutaneous allergen-induced hypersensitivity, patients received placebo or prednisone 10, 25 or 60 mg daily for 7 days. Methods: Effects on peripheral white blood cell (WBC) count, ex vivo whole blood lipopolysaccharide (LPS)-stimulated TNF-a release and response to cutaneous allergen challenge were assessed concurrently with biomarkers for glucose tolerance and bone turnover. Results: Differential peripheral WBC counts changed significantly within hours of prednisone administration. Ex vivo, LPS-stimulated TNF-a was significantly reduced by all prednisone doses on days 1 and 7. The late phase cutaneous allergen reaction was significantly reduced with prednisone 60 mg vs placebo on days 1 and 7. Oral glucose tolerance tests revealed significant increases in glycaemic excursion on days 1 and 7, whereas increases in insulin and C-peptide excursions were more notable on day 7 with all doses of prednisone. The bone formation markers osteocalcin, and procollagen I N-and C-terminal peptides decreased significantly on days 1 and 7 vs placebo. Conclusions: In healthy young adults after single doses as low as 10 mg, prednisone treatment has significant effects on glucose tolerance and bone formation markers within hours of treatment, in parallel with anti-inflammatory effects.
Introduction
The anti-inflammatory effects of glucocorticoids (GCs) have proven extremely valuable in the treatment of diseases such as asthma, arthritis and transplant organ rejection. However, the side effects following prolonged use of GCs at pharmacologic concentrations limit both their full dose-range potential and long-term use (1) . Two of the most common and debilitating adverse effects of GC therapy are glucose intolerance that can lead to or exacerbate pre-existing diabetes and effects on bone that over time can develop into GC-induced osteoporosis.
GC treatment results in numerous effects influencing glucose metabolism (1, 2, 3) . It is well known that GCs inhibit insulin secretion, induce triglyceride breakdown in adipose tissue, decrease insulin-mediated glucose uptake in skeletal muscle and increase hepatic glucose production by increasing gluconeogenesis. It is not surprising that GC-induced diabetes is commonly encountered clinically and has been documented in several studies of patients with organ transplantation or renal disease, with an incidence ranging from 2 to 53% (4, 5) . Changes in glucose tolerance have been detected by oral glucose tolerance test (OGTT) within hours of treatment (6) . However, studies examining the dosedependent effects of GCs and, in particular, dosedependent single dose effects have not been performed.
GC therapy is also associated with accelerated decline in bone density and an increase in fractures (reviewed in (7, 8) ). GCs reduce osteoblast function and replication as well as increase osteoblast apoptosis (1, 8, 9, 10) . Although the specific mechanism by which GCs interfere with osteoblast function remains unclear, reductions in bone formation markers have been reported to occur within days of treatment with prednisone (11, 12, 13, 14, 15) , and increases of about two-or three-fold in the relative risk of hip and vertebral fractures in patients receiving GCs have been reported (16, 17) .
Although the most severe adverse effects associated with GC treatment generally occur in patients undergoing chronic treatment with high doses, the onset of changes in glucose tolerance and bone turnover occurs soon after treatment initiation, as described above. Given the significant therapeutic value of GCs, there has been intense effort to identify dissociated GC receptor agonists that possess the anti-inflammatory properties of classic GC receptor agonists, such as prednisolone and dexamethasone, without inducing the undesirable side effects (reviewed in (18) ). A better understanding of the time course relationship between GC dose and biomarkers of both efficacy and adverse effects in the same population should facilitate this search. The current investigation, in which healthy young individuals were treated with the commonly prescribed oral GC prednisone, was conducted to identify biological markers of inflammation, glucose tolerance or bone turnover which demonstrate acute, dose-dependent relationships. To our knowledge, this is the first published study comparing the time-and dosedependent anti-inflammatory effects of prednisone with adverse effects in the same individuals.
Subjects and methods

Subjects
Caucasian, non-Hispanic men or women (neither pregnant nor lactating) aged 18-50 years (nZ48) were recruited at SGS Life Science Services (Antwerp, Belgium). The main inclusion criteria were body mass index from O20 to 30 kg/m 2 , hypersensitivity to one of two commercial antigen preparations (allergen screening reactions to a standard skin prick test of mixed grass or dust mite antigen with a wheal R3 mm at 15 min), a R10 mm acute wheal at 15 min and a cutaneous late phase reaction (LPR) at w8 h postchallenge with an allergen test (described below under Anti-inflammatory effects) on the volar forearm, and a state of general good health. Principal exclusion criteria included a history of glucose intolerance, adrenal impairment and significant illnesses or abnormal laboratory evaluations. The study was conducted in accordance with principles of Good Clinical Practice and was approved by the appropriate institutional review boards and regulatory agencies. All subjects provided written informed consent.
During the course of the study, patients were required to refrain from excessive sun exposure, strenuous physical activity, use of lotion on the arms or back and use of any prescription or non-prescription medicine.
Study design and treatment
This was a randomized, double-blind, placebo-controlled, parallel group, 7-day study (Study Protocol 059) with varying doses of prednisone. Enrolled patients were randomized (allocation stratified by allergen type: dust mite or mixed grass pollen) in a double-blind fashion to four groups: oral prednisone 10, 25 or 60 mg, or placebo daily for 7 days. All patients received an equal number of pills containing 5 mg prednisone (GALENpharma, GMBH, Kiel, Germany) or matching placebo. At baseline (7-14 days prior to day 1) and on days 1 and 7, subjects fasted for at least 8 h prior to treatment and for about 8 h post-treatment.
Anti-inflammatory effects
The primary anti-inflammatory endpoint was the area under the curve (AUC 2-8 h ) of the size of the LPR (i.e. skin erythema or induration, whichever was larger, surrounding the point of intra-dermal allergen injection) versus time. The LPR to the antigen was assessed at baseline and on days 1 and 7. Allergen (0.1 ml at a concentration of 100 allergen units/ml of either the dust mite allergen Dermatophagoides pteronyssinus or Grass Pollen II, HAL Allergy BV, Haarlem, The Netherlands) was injected intradermally into the lower back flank, in a non-sun exposed area. At 2, 4, 6 and 8 h after the injection, the shape of the wheal surrounding the injection was traced onto scan tape. The area was assessed by scanning the image (software from Definiens Imaging GmbH, Munich, Germany). To evaluate cellular infiltration of the LPR, skin-punch biopsies of 3-4 mm diameter, w1 cm from the injection site, were performed at baseline and 8 h post-treatment on day 7. The best morphological sections (5 mm, stained with haematoxylin and eosin) of each of four groups of four adjacent sections were used for counting eosinophils under 400! magnification.
Blood samples were taken pre-dose and at 8 h postdose on days 1 and 7 for measurement of ACTH, predose and at 5, 8 and 24 h post-dose on days 1 and 7 for total and differential white blood cell (WBC) counts, and at 8 h post-dose on days 1 and 7 for ex vivo analysis of whole blood lipopolysaccharide (LPS)-stimulated TNF-a, as described (19) . WBC counts were performed at the investigator site and TNF-a analysis was performed at the Merck Clinical Development Laboratory.
Effects on glucose tolerance
The primary endpoint for glucose tolerance was the 3-h glucose excursion during an OGTT (20, 21) performed at baseline and 5 h post-treatment on days 1 and 7 at the clinical site. Briefly, subjects were instructed to consume R150 g carbohydrates/day for 3 days and then fast for 8 h on the evening prior to receiving their prescribed treatment. Peripheral blood samples were taken prior to the OGTT (time 0 of the OGTT). A standard 75 g oral glucose challenge was administered followed by peripheral blood sampling after 10, 20, 30, 60, 75, 120 and 180 min. Secondary endpoints included serum insulin and C-peptide excursions during the OGTT.
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Effects on bone turnover
The primary endpoint in the examination of bone turnover was serum concentration of the bone formation marker osteocalcin (Bioanalytical Research Corporation, Ghent, Belgium). Secondary endpoints included the serum concentrations of the bone formation markers procollagen I N-and C-terminal peptides (PINP and PICP) and the bone resorption marker N-telopeptide of type I collagen (NTX) (Quest Diagnostics Limited, Heston, UK). Serum concentrations of the bone formation marker Dikkopf-1 (Dkk-1) were also assessed (Merck Clinical Development Laboratory, Rahway, NJ, USA). Total Dkk-1 was detected in EDTA plasma using a human Dkk-1 kit (Assay Designs, Plymouth Meeting, PA, USA).
Statistical analysis
All subjects treated were included in the data analyses. All analyses were performed on data collected on days 1 and 7 of dosing using the change from baseline as the outcome measure. Treatment group comparisons were evaluated using a pre-specified analysis of covariance (ANCOVA) model with terms for allergen stratum as well as baseline and treatment. LPR AUC 2-8 h was log transformed prior to analysis and geometric mean percent changes from baseline were back-transformed for presentation of data. For the analysis of LPSstimulated ex vivo TNF-a, the average monocyte levels at 5 and 8 h post-drug were also in the ANCOVA model.
For each outcome measure, the treatment effect (each dose of prednisone compared with placebo) was evaluated in a stepwise fashion, starting with the highest dose, until lack of significance was observed. The stepwise nature of this procedure controlled the error rate at 5% with no formal adjustment for multiplicity required. No adjustment for multiplicity was performed for multiple testing on days 1 and 7.
Results
In this randomized, double-blind, dose-ranging study of prednisone in healthy young adults, the 48 subjects enrolled were 60% male and had a mean age of 32 years. Baseline characteristics were not significantly different among treatment groups, and are shown in Table 1 .
Serum ACTH was examined as a marker of GC treatment. As expected in patients receiving placebo, ACTH decreased in a physiologic manner during the course of the day, from 0800 h (just prior to treatment) to 1600 h. On day 1 of treatment, highly statistically significant reductions (P!0.001) in ACTH that exceeded the physiologic decreases observed with placebo were seen at all prednisone dose levels at 8 h post-dose. The increased reduction in ACTH over the course of the day was also seen for all doses of prednisone relative to placebo (P!0.001) on day 7. It should be noted that, in patients receiving the 60 mg dose, ACTH was suppressed at 0800 h on day 7 compared with placebo (PZ0.019) and decreased further in parallel with placebo over the course of the day (Fig. 1 ).
Anti-inflammatory effects of prednisone
An established marker of GC activity is change in peripheral WBC count. Consistent with findings from previous reports, changes were observed within 5 h of treatment on both days 1 and 7 for all doses of prednisone. Neutrophil counts increased, whereas lymphocyte and monocyte counts all decreased significantly in a dose-dependent manner. Eosinophil counts also decreased significantly, but a dose-dependent effect was not seen at the doses of prednisone administered (Supplementary Table 1S , see section on supplementary data given at the end of this article). Measurement of TNF-a in whole blood stimulated ex vivo with LPS -previously demonstrated to be a sensitive marker of GC anti-inflammatory activity (19, 22) -was also performed. TNF-a at 8 h after prednisone treatment showed significant, dose-responsive reductions on both days 1 and 7 (Fig. 2) . Since TNF-a is secreted predominantly by macrophages and monocytes, TNF-a concentrations were also corrected for the observed reduction in peripheral monocytes. However, this correction did not qualitatively change the results.
The AUC 2-8 h of the LPR to cutaneous allergen challenge, the primary endpoint for the anti-inflammatory effects of prednisone, represented a less sensitive marker of its anti-inflammatory effects. The reduction in area of the LPR was significant compared with placebo on days 1 and 7 for the highest dose of prednisone, 60 mg, but not the lower doses (Table 2) . Skin biopsy samples taken on day 7 from the site of allergen challenge also showed a significant reduction in eosinophil infiltration to the site of cutaneous allergen challenge for the 60 mg dose but not lower doses (data not shown).
Prednisone effects on glucose tolerance
For overnight fasted subjects, prednisone treatment increased fasting glucose and insulin concentrations after 5 h following administration (Table 3 ). The increases in fasting glucose were comparable for both days 1 and 7, although the increases in fasting insulin were at least twofold higher on day 7 compared with day 1. Fasting C-peptide was also higher on day 7 compared with day 1. All prednisone doses resulted in significantly increased insulin resistance compared with placebo, using the homeostatic model assessment of insulin resistance ((HOMA-IR) (23)), Table 3 . Furthermore, this impairment appeared to be exacerbated with longer treatment. For the higher prednisone doses of 25 and 60 mg, an acute impairment in insulin secretion compared with placebo was observed as assessed on day 1 by HOMA of b-cell function (%B, (23) Table 3 ). These effects appeared to be transient since the differences compared with placebo were not seen on day 7.
Prednisone treatment decreased glucose tolerance in a dose-dependent manner as indicated by the glycaemic excursion observed during an OGTT, with corresponding increases in serum insulin (Fig. 3) . On day 1, increases in AUC 0-3 h of plasma glucose were significant compared with placebo at all doses of prednisone, including the 10 mg dose (Table 3) . Moreover, based on their 2 h plasma glucose concentration during the OGTT on day 1, half the subjects receiving 10 mg prednisone met the criteria for impaired glucose tolerance (6/12) , and all of the subjects receiving 25 or 60 mg met the criteria for either impaired glucose ). The increase in AUC 0-3 h of plasma glucose was also significant for the 25 and 60 mg doses on day 7. The AUC 0-3 h of insulin and C-peptide increased significantly for the 25 and 60 mg doses on day 7 (Table 3) . Of note, the increases were numerically greater on day 7 than day 1.
Prednisone effects on bone turnover
Serum concentrations of the bone formation marker osteocalcin were rapidly and significantly reduced by all prednisone doses (Fig. 4 ). Significant reductions in serum osteocalcin were observed as early as 5 h after the initial prednisone administration for all doses (data not shown). The effects were dose-dependent, and the differences between prednisone and placebo were significant (P!0.001).
Other markers of bone formation, serum PINP and PICP, also decreased significantly following prednisone administration. For PINP, both 25 and 60 mg doses were associated with significant reduction in serum concentrations on day 1, whereas all prednisone doses significantly suppressed PINP on day 7 (Fig. 3) . In contrast, only the 60 mg prednisone dose reduced PICP on day 1, while the 25 and 60 mg reduced PICP levels on day 7. Significant increases in a marker of bone resorption, serum NTX, also occurred for the higher prednisone doses. Serum levels of the anti-osteogenic factor Dkk-1 were also examined 24 h after treatment. There was no discernible effect of prednisone on either day 1 or 7 (data not shown).
Discussion
The aim of the present study was to evaluate several dose-responsive, anti-inflammatory efficacy biomarkers and to compare the time-course of these dose-dependent, anti-inflammatory changes with those observed for indicators of glucose tolerance and bone metabolism following short-term administration of the widely used GC, prednisone. Prednisone doses were selected to be representative of the therapeutic dose range typically used in clinical practice.
Supraphysiologic GC activity has long been established to suppress the hypothalamic-pituitary-adrenal (HPA) axis. As anticipated, all prednisone doses suppressed serum ACTH compared with placebo acutely. However, following 6 days of dosing, 60 mg prednisone was observed to have more durable HPA inhibitory effects compared with lower doses (i.e. 25 and 10 mg), as indicated by the suppressed 0800 h (predose) ACTH on day 7. To our knowledge, these acute dose-dependent differences between supraphysiologic prednisone doses on the HPA axis suppression have not been previously described. Although the exact duration of ACTH suppression for the 60 mg dose is unknown, it raises the possibility that HPA axis suppression should be considered in patients receiving high doses of prednisone (R60 mg) after 6 days.
LPS-stimulated TNF-a release in ex vivo whole blood was shown to be a very sensitive anti-inflammatory efficacy marker for prednisone and was significantly suppressed after both single and multiple doses for all prednisone doses studied. The observed decreases in TNF-a release were dose-dependent. In addition, acute, dose-dependent changes in peripheral WBC count were observed following single and multiple doses of all prednisone doses studied, as shown previously (24, 25, 26) . It is interesting to note that for both LPSstimulated TNF-a release and peripheral WBC count, prednisone-induced effects were near-complete within hours after a single dose, and subsequent doses did not result in additional changes in these biomarkers.
Late-phase reactions at times ranging from 6 to 24 h following cutaneous allergen challenge have been www.eje-online.org previously reported to be significantly reduced by treatment with prednisone at single and multiple doses ranging from 20 to 60 mg (27, 28, 29) . However, it was unknown whether attenuation of the LPR was either dose-responsive or a sensitive biomarker of GC anti-inflammatory effects. In the current study, only the high, 60 mg dose of prednisone was observed to significantly attenuate the size of the LPR compared with placebo. The inability to demonstrate any significant effects on LPR size with lower prednisone doses suggests that the LPR may not be adequately sensitive to assess less potent anti-inflammatory effects. A notable complication was the significant inter-subject variability observed in LPR response, which may have served to obscure detection of the effect, particularly for the lower prednisone doses. A post hoc analysis of the LPR data revealed several parameters which could be optimized to reduce the observed variability. This was undertaken in a follow-up study (to be reported separately) and demonstrated significant reduction in LPR size following a single dose of 20 mg prednisone. Supraphysiologic GC activity leads to impaired glucose tolerance (1, 2, 3) . It was recently demonstrated that low doses of prednisolone (7.5 mg) administered daily for 2 weeks in healthy men impaired insulin suppression of hepatic glucose production and insulinmediated suppression of lipolysis (30) . Thus, it was not surprising that in the current study, single doses of 25 and 60 mg prednisone induced impaired glucose tolerance acutely. However, the results of the current study suggest that a single dose of 10 mg prednisone may also impair glucose tolerance acutely. GC-induced insulin resistance certainly contributed to the glucose intolerance and was evident in the elevated fasting insulin and C-peptide concentrations noted on day 7 compared with day 1, and consistent with the HOMA-IR findings. It should be noted that although all enrolled HOMA, homeostatic model assessment, based on fasting glucose and insulin concentrations taken w5 h after treatment in overnight fasted subjects and 10 min prior to the OGTT; IR, insulin resistance; %B, b cell function; *P vs placebo %0.001, † P vs placebo !0.01, ‡ P vs placebo !0.05. a Measurements were taken w5 h after treatment in overnight fasted subjects and 10 min prior to the OGTT, after w13-h fast. subjects demonstrated normal glucose tolerance at baseline, they were required to demonstrate hypersensitivity to allergen and had received a cutaneous allergen challenge prior to glucose administration for the OGTT. It is unknown what contribution this hypersensitive state may have had in exacerbating or predisposing to glucose intolerance following even a single prednisone dose. Furthermore, it has been reported that interstitial hyperglycaemia associated with prednisolone treatment is predominantly manifested in the afternoon and evening in patients receiving prednisolone treatment while undergoing continuous glucose monitoring (31) . Accordingly, the OGTT was conducted during the mid-late afternoon. However, since subjects had been fasting for 13-16 h, the prolonged fast may also have contributed to augmenting the observed effects. Nonetheless, these results suggest that in susceptible individuals, modest doses of prednisone may impair glucose tolerance acutely. It remains unknown whether the acute impairment of glucose tolerance (i.e. after a single dose) would persist. It is interesting to note that the glycaemic excursion during the OGTT after multiple prednisone doses appeared to diminish over time. Moreover, the insulin and C-peptide excursions during the OGTT were notably higher following multiple doses compared with a single dose, suggesting that the b-cell response is augmented with repeated prednisone dosing and/or prednisoneinduced hyperglycaemia. This was also consistent with the HOMA-%B findings.
Certainly, GC-induced osteoporosis is a well-known adverse consequence of chronic GC therapy, and several groups have reported that daily prednisone doses as little as 10 mg or lower result in clinically significant bone loss (16, 32) . In the present investigation, circulating concentrations of the bone formation marker osteocalcin decreased dramatically within hours of administration of all prednisone doses and remained suppressed for at least 24 h. Of the bone formation markers analysed, osteocalcin was the most sensitive to GC treatment. Changes in osteocalcin were previously shown to reflect GC administration in healthy subjects: osteocalcin decreased during lowdose prednisone (10 mg) administration and returned to baseline 2 days after discontinuation of treatment, suggesting that GC-induced changes in bone formation are reflected accurately by osteocalcin (12) . Changes in PINP and PICP were less sensitive than osteocalcin to GC treatment. Although GCs have been reported to affect primarily bone formation, a significant increase in bone resorption, as indicated by increased serum NTX, was observed for higher prednisone doses. Interestingly, these effects on serum NTX were not observed until 24 h after prednisone administration, suggesting perhaps that these may be secondary or indirect responses. Finally, Dkk-1 has previously been suggested to play a role in GC-induced osteoporosis by interfering with canonical Wnt signaling. In contrast to results from in vitro studies with cultured human osteoblasts (33, 34) , however, in this study, Dkk-1 concentrations were found to be unchanged in response to prednisone administration. Possible explanations for these results are that longer prednisone administration may be required to affect Dkk-1 expression or that the GC-induced effects on Dkk-1 occur locally and are not detectable in serum.
In summary, dose-responsive anti-inflammatory efficacy biomarkers were identified following single and multiple prednisone dose administration. The short time-course of these dose-dependent, anti-inflammatory changes was also observed for markers of glucose tolerance and bone metabolism. To our knowledge, this is the first time a comprehensive review of GC effects on inflammation, glucose, and bone has been conducted in the same healthy individuals.
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